Liquid metals (LMs) have recently emerged as a new class of promising multifunctional materials with attractive properties. They have excellent photothermal conversion efficiency, generating heat under near-infrared (NIR) laser irradiation. This work reports encapsulating LM droplets into poly(NIPAm-co-MBA) hydrogels (PNM) to achieve nanodispersed liquid metals in bulk polymeric hydrogels for NIR laserresponsive materials. LM droplets ($530 nm) are produced by dispersing an alloy of gallium and indium (EGaIn) into glycerol. The LM-loaded PNM hydrogels (PNM/LM) exhibited excellent thermal-/NIR laserresponsive ability. In a water bath, the weight of the PNM/LM can decrease 92% at 50 C. And the volume of PNM/LM can decrease 62% under NIR laser irradiation for 12 min. Because of its thermal-/NIR laser-responsive ability and porous three-dimensional (3D) networks, PNM/LM is very suitable for use as a drug carrier. We also prepared doxorubicin (DOX)-loaded PNM/LM hydrogels (PNM/LM/DOX) and demonstrated that the PNM/LM/DOX hydrogel can generate heat and raise its temperature under NIR laser irradiation. When the temperature becomes higher than the lower critical solution temperature (LCST), such a hydrogel would shrink immediately and extrude the DOX encapsulated in its networks simultaneously, then complete the controlled release of the pre-loaded drug. Further, an in vitro cytotoxicity test indicated the biocompatibility and feasibility as a chemophotothermal synergistic therapeutic of the present hydrogel. This NIR laser-responsive hydrogel fully exhibits its superiority as a drug carrier which promises great potential in future targeted controlled drug release.
Introduction
Recently, polymeric hydrogels as promising materials have attracted great attention in the biomedical elds such as in pharmaceutical, diagnostic and therapeutic applications. [1] [2] [3] Polymeric hydrogels, which are materials with threedimensional (3D) networks formed from cross-linked hydrophilic homopolymers or copolymers, can hold a large amount of water within the spaces available among the polymeric chains. 4 Among them, the stimuli-responsive polymeric hydrogels are ideal materials for drug delivery and controlled release because of their porous structures and drug encapsulation capacities. In aqueous solutions, these hydrogels are capable of changing shape or size in response to various stimuli including temperature, pH, light, enzymes and magnetic eld. 5, 6 Poly(N-isopropylacrylamide) (PNIPAm) is a conventional thermalresponsive polymer for biomedical application. It is a hydrophilic polymer, which exhibits an extended chain conformation below the lower critical solution temperature (LCST). It can undergo a phase transition to hydrophobic aggregation above its LCST due to the presence of hydrophilic amide groups and hydrophobic isopropyl groups. 7, 8 PNIPAm-based hydrogels owns a LCST of about 32 C, 9, 10 which is lower than the human body temperature (37 C). So, PNIPAm and its hydrogels have been studied for the "on-off" drug release utilizing this thermalresponsive property. 10, 11 However, there are also some disadvantages. The inner of these conventional thermal-responsive materials such as PNIPAm and its hydrogels is hard to respond to the outside temperature changes due to their poor thermal conductivity. In order to improve its thermal sensitivity as well as promote its respond speed, some nanoparticles with photothermal conversion capability under near-infrared (NIR) laser irradiation, such as gold nanoparticles 12, 13 and reduced graphene oxide, 14, 15 are incorporated into hydrogels to endow them multi-functions. Additionally, liquid metals (LMs) also have this photothermal conversion capability. 16 LM is a special family of materials that have both metallic and uidic properties simultaneously. 17, 18 Typical materials in the area such as gallium, gallium-indium eutectic alloys (EGaIn) and galliumindium-tin alloys (Galinstan), which have low melting points, have been widely used as printed circuits, so electronics, and other biomaterials. [19] [20] [21] [22] [23] [24] EGaIn preserves the essential characteristics of LMs, such as excellent combination of thermalconductivity and transformability, while presenting better biocompatibility. 18 Therefore, the NIR laser-responsive hydrogels can be produced by introducing LMs into thermalresponsive materials. These hydrogels can respond to temperature changes caused by NIR laser irradiation, aiming to inducing changes in the structure of hydrogels by photothermal effect and achieving targeted controlled release of drugs. In this study, we synthesized a poly(NIPAm-co-MBA) hydrogel (PNM) contained with LM droplets. The thermal-responsive PNM has a porous 3D network structure, which can lock LM droplets tightly. LM droplets can promote the response of hydrogels to NIR laser irradiation. Therefore, the LM-loaded PNM hydrogels (PNM/LM) exhibited excellent thermal-/NIR laser-responsive ability. Because of its thermal-/NIR laser-responsive ability and porous 3D networks, the PNM/LM is very suitable for using as drug carriers. We also prepared doxorubicin (DOX)-loaded PNM/LM hydrogels (PNM/LM/DOX). As shown in Scheme 1, the PNM/LM/DOX can absorb NIR light and transform to thermal energy under irradiation. NIR laser irradiation causes the temperature to rise above LCST, leading to changes of hydrogel shape and size. The hydrogel shrinks and extrudes the aqueous solution and pre-loaded DOX from hydrogels simultaneously. In this way, the hydrogel could complete the controlled release of DOX constantly and smoothly, reducing side effects of unnecessary drug leaks in normal tissues. So, the PNM/LM is a "smart" polymeric hydrogel for anticancer drug delivery and chemophotothermal synergistic therapy. And a series of experimental test results demonstrate that this NIR laser-responsive hydrogel PNM/LM is a promising carrier for drug delivery system.
Experimental

Materials
A gallium (Ga) and indium (In) were purchased from local company (China 
Preparation of liquid metal
Liquid metal was composed of gallium and indium. The EGaIn alloy was prepared with a weight ratio of 75.5% (Ga) and 24.5% (In). The metals were mixed at 100 C with a continuous stirrer till fused completely.
Preparation of liquid metal droplets
Bulk EGaIn was added into glycerol, it was dispersed into droplets under ultrasonication in ice-water bath. The sonication time and glycerol dosage were tuned to adjust the size of LM droplets.
Synthesis of poly(NIPAm-co-MBA) polymeric hydrogels with or without LM droplets and DOX
Thermal-responsive polymeric hydrogels were synthesized by copolymerization of NIPAm and MBA with APS as the initiator.
To prepare blank hydrogels poly(NIPAm-co-MBA) (PNM), NIPAm (1.0 g) and MBA (0.1 g) were dissolved in deionized water with magnetic stirrer. Aer the monomer dissolved in the solution, APS aqueous solution was added into the mixture solution to initiate polymerization. The polymerization was completed at 60 C for 10 min.
To prepare LM-loaded poly(NIPAm-co-MBA) hydrogels (PNM/ LM), NIPAm (1.0 g), MBA (0.1 g) and LM droplets (EGaIn 0.5 g) were added in deionized water with magnetic stirrer. Aer that, APS aqueous solution was added into the mixture solution to initiate polymerization. The polymerization was completed at room temperature (25 C) for 10 min.
To prepare LM-and DOX-loaded poly(NIPAm-co-MBA) hydrogels (PNM/LM/DOX), DOX$HCl (20 mg) was dissolved in DMSO (50 ml) and then transferred to deionized water (400 ml), NIPAm (1.0 g), MBA (0.1 g), LM droplets (EGaIn 0.5 g) and DOX$HCl aqueous solution were added in deionized water with magnetic stirrer. Aer that, APS aqueous solution was added into the mixture solution to initiate polymerization. The polymerization was completed at room temperature (25 C) for 20 min. DOX-loaded poly(NIPAm-co-MBA) hydrogels (PNM/ DOX) was prepared following the same procedure.
All hydrogels were immersed into deionized water to remove low molecular compound.
Characterization of liquid metal droplets
LM droplets size and surface morphology were observed by scanning electron microscopy (SEM, Quanta 200, Holland) and transmission electron microscopy (TEM, H-7650B, Japan). The hydrodynamic size was measured with dynamic light scattering (DLS, DynaPro NanoStar, USA).
Characterization of polymeric hydrogels
To test selling ratio, the dried hydrogels were immersed into deionized water of different temperatures for 24 h. They were measured swelling weight aer wiping off the excessive water from hydrogels surface. The swelling ratio (S) was calculated according to the following equation
where W s and W d are the weight of swelling and dried hydrogels, respectively.
The surface morphology of the synthesized PNM and PNM/ LM hydrogels were observed by SEM. Lyophilizing hydrogel samples were processed by freeze dryer before testing. The rheology measurement of polymeric hydrogels was conducted with rheometer (MCR301, Austria). Cylindrical hydrogels (25 mm diameter) were put on the bottom plate. The storage modulus (G 0 ) and loss modulus (G 00 ) of polymeric hydrogels were monitored over a shear strain ranging from 0.01% to 10% with a xed frequency (1 Hz) at 25 C. Then, the G 0 and G 00 of hydrogels were monitored over a frequency ranging from 0.1 to 10 Hz at a shear strain of 0.74% at 37 C.
To test the NIR laser-responsive behavior of hydrogels, blank hydrogels and LM-loaded hydrogels were exposed to a NIR laser at different power density (0.5, 0.8, 1.0, 1.2 and 1.5 W cm À2 ). The ultraviolet-visible-NIR absorption spectrum of bulk LM, LM droplets and PNM/LM from 500 to 1000 nm was tested to verify their absorption peak at around 800 nm in the NIR region. 16 A wavelength of 808 nm was used for the NIR laser-responsive assay. The irradiation area of the laser was a circle spot. Temperature change was measured and recorded by a thermocouple thermometer every 10 s automatically. PBS was used as the control. Volume change was measured by vernier caliper. The dynamic volume change ratios (V t /V 0 ) were calculated by the 3 , where d t is the diameter of hydrogels at time t, and d 0 is the diameter of hydrogels at beginning.
All tests were conducted in triplicates.
In vitro drug release To test NIR laser-responsive drug release behavior, the PNM/ LM/DOX hydrogel was immersed into PBS and exposed to an NIR laser irradiation for 12 min (808 nm, 1.0 W cm À2 ) at the time points of 0, 4, 8, 12, 16 and 20 h, respectively. The released drug in PBS was collected and measured through microplate assay.
In vitro cytotoxicity assay
Cell viabilities were determined using cell counting kit-8 (CCK-8) assay with 4T1 cancer cells. Cells were cultured in Dulbecco's Modication of Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 C in a humidied 5% CO 2 atmosphere. Cells were plated at a density of 5000 cells per well in 96-well plates and cultured in an incubator for 24 h. Then, hydrogels to be tested were placed in wells containing medium with plastic tray. To research the cytotoxicity and tumor therapy synergistic effect of hydrogels, cells were treated with blank hydrogel (PNM), LM-loaded hydrogel (PNM/LM) and LM and DOX-loaded hydrogel (PNM/ LM/DOX), with or without NIR laser irradiation (808 nm, 1.0 W cm À2 ) for 12 min. Cells incubated with PNM/DOX or PNM/LM/DOX hydrogels exposed to NIR laser irradiation (808 nm, 1.0 W cm À2 ) for 0, 1, 2, 5, 8 and 12 min. Cells grown in absence of hydrogels and exposed at NIR laser irradiation (808 nm, 1.0 W cm À2 ) was used as the control. Then the medium was removed and 100 ml of CCK-8 medium solution was added to each well, cells were incubated for another 2 h at 37 C. The absorbance at 450 nm (OD 450 nm ) was determined by microplate reader. Cell viability was observed using a laser scanning confocal microscope (Zeiss LSM710, China). Cells were treated with previous procedures. Then cells were treated with AO-EB solution (staining live cell green, staining dead cells red). Finally, each well was washed with PBS three times.
Statistical analysis
Results were analyzed by one-way ANOVA tests and differences were considered signicant at P # 0.05.
Results and discussions
Preparation and characterization of liquid metal droplets LM droplets are not chemically stable under aqueous conditions, because gallium tends to generate GaOOH or Ca 2 O 3 immediately when exposed to water and oxygen. 18, 25 Gallium can form a lm of Ga 2 O 3 on its surface to prevent further chemical reactions in aqueous solution and then further produce GaOOH in alkaline solution. 26 And LM droplets tend to agglomerate to large one in water. So, it is difficult to keep in a small size. In this study, LM droplets were prepared by dispersing bulk EGaIn into glycerol under ultrasonication in ice-water bath. These droplets could be well dispersed and kept stable due to the high viscosity of glycerol. LM droplets were characterized by SEM ( Fig. 1A) and TEM (Fig. 1B) image. They revealed the uniform spherical morphology of LM droplets. The hydrodynamic diameter of the LM droplets was determined by dynamic light scattering (DLS) as $530 nm (Fig. 1C ), and this size did not change for at least 10 days at room temperature.
Thermal effect of polymeric hydrogels
The PNM was synthesized by copolymerization of NIPAm and MBA with APS, in which MBA was used as the cross-linker and APS was adopted as the initiator. The polymeric hydrogel synthesized with LM droplets could be formed at room temperature. Without LM droplets, it must be heated at 60 C. In certain extent, liquid metal acted as catalysts and it could accelerate the completion of polymerization. 27 Due to its 3D network structure, the PNM/LM had good performance of water absorption and loss. As shown in Fig. 2A , the PNM/LM had better water absorption than PNM below 37 C. When the temperature becomes above 37 C, the swelling ratio of PNM/LM was lower than PNM hydrogels. It indicated that the PNM/LM can swell more when it absorbs water. At this time, the network pore in hydrogels can expand to contain more drugs. With the increase of temperature, say above 37 C, the PNM/LM becomes shrunk and extrudes to release the drug it encapsulated before. And the higher the temperature, the more it shrinks. The weight of the PNM/LM can decrease 92% at 50 C ( Fig. 2A) . Volume changes of hydrogels contained with or without LM droplets under equal water bath at different temperatures are shown in Fig. S1 and S2 . † For the PNM/LM, it could be remain in a highly swollen state below 37 C and a highly collapsed state above 37 C. Therefore, it is rather suitable to be applied as a carrier for drug delivery. The swelling ratio of the PNM/LM decreased dramatically between 35 and 40 C. Within this temperature range, it became above LCST ($32 C). It conrmed that once the PNM/LM reaches human body temperature ($37 C), it will respond immediately and shrink. As shown in Fig. 2A and S1, † the PNM/LM has greater volume shrinkage than PNM. It can be shrunk much smaller under the same conditions. This also conrms that the PNM/ LM has better water absorption performance and drug loading capacity than PNM as previously mentioned.
The morphologies of hydrogels contained with or without LM droplets were assessed by SEM. As shown in Fig. 2B -D, the PNM and PNM/LM all have porous structures. These pores can be used to encapsulate water and drugs. In Fig. 2C and D, the bright dots are LM droplets, and they are uniform dispersion in the PNM/LM. There is no obvious LM agglomeration in PNM/ LM. As shown in Fig. 2E and F, the value of G 0 was much higher than that of their corresponding G 00 , indicating that they were viscoelastic. With the increase of frequency, the G 00 of PNM/LM was slightly higher than that of PNM, which meant the incorporation of LM droplets could increase the viscosity of hydrogels because of the exibility of LM. 11 NIR laser-responsive property of PNM/LM LM can generate heat under NIR laser irradiation because of the optical absorption in NIR region, and NIR laser exposure induced a transformation in LM shape. 16 Therefore, the thermal-responsive hydrogel combined with LM droplets exhibit excellent NIR-laser responsive properties. To test these properties, PNM and PNM/LM were exposed to NIR laser (808 nm, 1.0 W cm À2 ) for 200 s. PBS was used as control. As shown in Fig. 3A , the temperature of PNM/LM rose rapidly. For PNM, there was no signicant temperature rise under the same irradiation. For testing the photothermal conversion efficiency of LM droplets in hydrogels, the PNM/LM was exposed to NIR laser (808 nm) at power densities from 0.5 to 1.5 W cm À2 . The test results are shown in Fig. 3B , the temperature of PNM/LM increased at NIR laser irradiation power densities above 0.5 W cm À2 . NIR laser power densities of 1.0 and 1.5 W cm À2 can increase the temperatures of hydrogels to about 57.4 and 81.6 C in 3 min, respectively. With the increase of temperature, the volume of PNM/LM also changed. Under the NIR laser irradiation (808 nm, 1.0 W cm À2 ), the PNM/LM surface temperature increased rapidly. When the temperature increased to above the LCST ($32 C) of PNM/LM, they also shrunk quickly, resulting in a dramatic volume decrease. As shown in Fig. 3C , the rapid shrinkage of PNM/LM occurred in the rst 2 min of NIR laser irradiation, and then tended to balance. The volume of PNM/LM can decrease 62% under NIR laser irradiation for 12 min (Fig. 3C and S3 †) . However, PNM had no obvious volume changes. It means that the rapid NIR laser response of hydrogels is realized by adding LM droplets. LM droplets can complete the photothermal conversion successfully and effectively.
Investigation of in vitro drug release
Due to the use of cross-linker, PNM and PNM/LM all have porous structures. This structure will help them absorb water and load drugs. Hydrogels could encapsulate drugs tightly below their LCST ($32 C). However, when the hydrogels reach the swelling equilibrium, drug leaks could occur because pores of hydrogels are bulged by aqueous solution. Once the temperature of hydrogels exceeds their LCST, these hydrogels shrink. When hydrogels shrink, their pores become small, causing extrusion of drugs and aqueous solution. In order to study the drug release effect of PNM and PNM/LM, the same dosage of DOX was carried by these hydrogels. And then PNM/ DOX and PNM/LM/DOX were put in PBS under the same conditions. As shown in Fig. 4A , PNM/DOX and PNM/LM/DOX released DOX slowly below 30 C. Free DOX remaining in networks of hydrogels was released slowly into PBS through passive diffusion. 11 Once the temperature is above LCST, hydrogels have a shrinking process, which extruded the water along with the embedded DOX in networks out of hydrogels, and achieve a rapid DOX release. It also shows that these hydrogels have a good DOX release when they are applied to human body because of body temperature. Because the PNM/ LM has better drug loading capacity and volume shrinkage performance than PNM as previously mentioned, PNM/LM/ DOX could accomplish more DOX release. In order to study DOX release of hydrogels in static state, PNM/DOX and PNM/ LM/DOX were soaked in PBS at 37 C. As shown in Fig. 4B , hydrogels with or without LM droplets could release DOX slowly and steadily. These hydrogels can be well used as drug sustained release carrier. Furthermore, due to the excellent NIR laser responsive properties of PNM/LM/DOX, the release of DOX from hydrogels also could be readily accelerated via NIR laser irradiation, as indicated by the dramatic increase DOX release upon NIR laser irradiation at 0, 4, 8, 12, 16 and 20 h (NIR laser exposure every four hours, 808 nm, 1.0 W cm À2 ). With the NIR laser irradiation, LM droplets embedded in hydrogels networks could be heated up because of the photothermal conversion ability. When the temperature increased above LCST of hydrogels, they shrunk, squeezing out water and entrapped DOX at the same time. The amount of DOX released from hydrogels increased signicantly when they were exposed to NIR laser for only 12 min, which was much higher than that released without irradiation for 24 h. Therefore, the PNM/LM/DOX has good photothermal conversion efficiency and could complete DOX release under NIR laser irradiation. Further, the sustained release of DOX from hydrogels can be achieved without NIR laser irradiation, and the controlled and rapid release of DOX from hydrogels can be achieved with NIR laser irradiation. So, the PNM/LM is an ideal carrier material for controlled drug release.
In vitro cytotoxicity test of chemophotothermal therapy
The chemophotothermal cytotoxicity of the PNM/LM/DOX against 4T1 cancer cells was detected by CCK-8 assay and live/ dead assay. As shown in Fig. 5A , there is no obvious difference between cells viabilities irradiated with or without NIR laser for 12 min (control and laser group The therapeutic effect of photothermal and chemophotothermal groups is also shown in Fig. 5B , respectively, following exposure to the NIR laser irradiation (808 nm, 1.0 W cm À2 ) for 0, 1, 2, 5, 8 and 12 min. From the results of photothermal group, they can demonstrate that the PNM/LM could respond to the NIR laser irradiation immediately. And increased temperature of hydrogels could contribute to kill cancer cells. Furthermore, the results of PNM/LM/DOX + laser group illustrate the superiority of chemophotothermal therapy powerfully. The PNM/LM/DOX can convert NIR laser irradiation into thermal energy and raise temperature up rapidly. The increase of temperature can kill cancer cells directly, and it also promote to hydrogels shrinkage and DOX release. Therefore, the cell viabilities decreased to 37% at 1 min and 9% at 12 min dramatically. As shown in Fig. 5C , the result of live/dead assay also conrmed the excellent effect of chemophotothermal therapy.
Conclusions
In this study, we have developed a liquid metal-based poly(-NIPAm-co-MBA) polymeric hydrogels for chemophotothermal synergistic cancer therapy. The hydrogel owns excellent NIR laser-stimulated and temperature responsive properties. Because of its porous 3D network structure and swelling properties, it can be adopted as a drug carrier and release DOX slowly and steadily. When the temperature is higher than LCST, the hydrogel can shrink rapidly and it would also squeeze DOX out synchronously. The introduction of LM droplets can facilitate the rapid formation of hydrogels and improve the photothermal conversion efficiency. The release of DOX from the PNM/LM/ DOX could be readily accelerated via NIR laser irradiation. Therefore, the sustained release of DOX from hydrogels can be achieved without NIR laser irradiation, and the controlled and rapid release can be achieved with NIR laser irradiation. The in vitro cytotoxicity test demonstrated the good biocompatibility of PNM/LM. Although there are no obvious signs of toxicity for these hydrogels, one needs to further evaluate the toxicity of hydrogels formation in order to facilitate subsequent in vivo applications. Furthermore, the addition of LM can also be used in imaging diagnosis and treatment, and the good drug loading ability of this hydrogel can make it encapsulate more kinds of drugs not only limited by chemotherapeutic drugs. Furthermore, the drug-loaded PNM/LM carriers can be placed in a designated position to achieve targeted drug release under the guidance of NIR laser irradiation, with the aim of reducing damage to surrounding normal tissues. So, this NIR laser and temperature dual responsive hydrogel is an ideal carrier for targeted and controlled drug delivery systems.
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